We study constraints on type-II two Higgs doublet models at large tan β from LEP/SLD Z-pole data and from lepton universality violation in W decay. We perform a global fit and find that, in the context of Z decay, the LEP/SLD experimental values for lepton universality violation, R b , and A b all somewhat disfavor the model. Contributions from the neutral Higgs sector can be used to constrain the scalar-pseudoscalar Higgs mass splittings. Contributions from the charged Higgs sector allow us to constrain the charged Higgs mass. For tan β = 100 we obtain the 1σ classical (Bayesian) bounds of m H ± ≥ 670 GeV (370 GeV) and 1 ≥ m h 0 /m A 0 ≥ 0.68 (0.64).
I. INTRODUCTION
Perhaps the most important unanswered question in particle physics today is: "What is the nature of electroweak symmetry breaking?" The Standard Model (SM) incorporates the simplest mechanism: a Higgs sector consisting of a single self-interacting scalar SU(2) doublet of hypercharge Y = 1. Upon breaking of electroweak symmetry, the physical spectrum of the SM Higgs sector consists of one CP-even neutral Higgs particle. Current experimental data do not definitively contradict the SM, but persistent deviations in precision electroweak data from SM predictions on the edge of statistical significance tantalize with the possibility of new physics. This, together with various theoretical prejudices which suggest that the SM cannot be a complete theory, motivates the detailed study of alternative scenarios of eletroweak symmetry breaking (EWSB).
The Two Higgs Doublet Model (2HDM) [1] is the most straightforward extension of the EWSB mechanism of the SM. The theory proposes a pair of scalar SU(2) doublets, both with hypercharge Y = 1. Depending on the version of the 2HDM, these scalars may couple in various ways to the quarks and leptons. After electroweak symmetry is broken, the spectrum of the Higgs sector consists of five physical Higgs bosons: two neutral CP-even scalars (h 0 and H 0 ), a neutral CP-odd scalar (A 0 ), and a pair of charged scalars (H ± ). These particles could be detected via direct production at colliders, but their effects may also be visible indirectly, through their contributions as intermediate states in decay processes.
In this paper we consider the indirect signatures of the 2HDM in flavor-conserving W and Z-decays through its contribution to decay amplitudes via loop corrections. We consider only Type-II 2HDM models, in which the I 3 = fermions couple to the other. We also focus on the large tan β region 1 , in which the Higgs couplings to the down-type quarks and the charged leptons are enhanced 2 . This can potentially lead to observable (or constrainable) flavor dependent corrections in Z and W decay, especially for the third generation (b and τ ).
One-loop corrections to flavor-conserving Z decays in the 2HDM have been considered previously in Refs. [3] [4] [5] [6] [7] , including as a possible explanation for the now-defunct 'R b anomaly'. The Z-pole runs at LEP and SLD are complete and essentially all of the data have been analyzed. The 'R b anomaly' has disappeared only to be replaced by the 'A b anomaly' [8, 9] ; thus, it is timely to revisit the model. We perform a global fit to all LEP/SLD Z-pole observables, and we examine the competing constraints from lepton universality, R b , and A b on the charged and neutral sectors of the model. In addition, we study constraints on the model from lepton universality violation in W decays, which have not been previously considered.
II. LEPTONIC W DECAYS
In this section we calculate the constraints on the large-tan β 2HDM from lepton universality violation in W decays. We use the Feynman rules and conventions of Ref. [10] . Our notation for the scalar and tensor integrals is established in Ref. [11] .
The leading (in tan β) one-loop corrections to the decay W − → τ −ν τ are shown in Fig. 1 . The corresponding contributions to the amplitude are 3 :
The tree level amplitude is the expression in the square brackets. For the diagrams involving h 0 and H 0 , we have dropped terms subleading in tan β 4 . In the above we have made the large tan β approximations:
Combining the above corrections, with factors of 1/2 for the wave-function renormalization diagrams (1b) and (1c), leads to a shift in the W τν τ coupling given by:
where we have suppressed the external momentum dependence of the integrals for notational simplicity. Similar shifts to the W µν µ and W eν e vertices exist but they are suppressed by factors of (m µ /m τ ) 2 and (m e /m τ ) 2 so we neglect them. The complete expression for the finite combination of integrals seen in the curly brackets of Eq. (2.3), namely, 4) can be found in the appendix of Ref. [11] . However, for our purposes it will suffice to expand it in powers of
So, the model predicts a negative δg τ , except in the limit that the Higgs mass splittings are small (≤ m W /2). The magnitude of the shift is maximal for an extreme non-decoupling case in which the charged Higgs is much heavier than the neutral Higgses. In this case it reduces to
if we assign a common mass, m 0 , to the neutral Higgses. The current bound on lepton universality violation in leptonic W decays from the D0 / Collaboration is [12] g τ g e = 1.004 ± 0.019 (stat.) ± 0.026 (syst.). (2.13)
The central value of δg τ is positive, which is not allowed when the leading G(x) term dominates. However, this fact is inconclusive since the experimental error is large. Using 5 The leading tan β contribution of the h 0 boson does not exhibit decoupling by itself : it is proportional to tan 2 β sin 2 α ln m 2 A 0 → ln m 2 A 0 since sin α ∼ − cos β+O(m 2 Z /m 2 A 0 ) in the decoupling limit [1] . As the result is independent of tan β, subleading tan β diagrams must be included to obtain the decoupling behavior. m τ (m W ) = 1.777 GeV and 2m W /g = v = 246 GeV, and adding systematic and statistical errors in quadrature, we obtain from Eqs. (2.12) and (2.13):
Since G(x) negative semi-definite and invariant under x ↔ 1/x, at tan β = 100 this leads to a 1σ bound of
For smaller tan β the bound is even weaker. Similarly, if we assume the limit of Eq. (2.10), the best-fit value of the common mass is (in GeV) 100 GeV m At 1σ and tan β = 100, this translates into m > 8 GeV so, the bound is extremely weak in this mass-degenerate limit as well. Thus, even for tan β = 100 the current data gives no significant 1σ constraint on the Higgs masses.
III. CONSTRAINTS FROM LEP/SLD OBSERVABLES
In this section we perform a global analysis of LEP/SLD precision electroweak data in the context of the large tan β 2HDM. We calculate the linearized shifts in the Zff couplings from SM predictions, fit these shifts to the data, and use the results of the fit to constrain model parameters.
A. Corrections to the couplings
As in the W decay case, large tan β enhances the coupling of the Higgs sector to charged leptons and down-type quarks, but even then one only needs to consider the third generation fermions. Below we list corrections to Z → bb, ττ , ν τντ .
The leading tan β corrections to the Z → b RbR are shown in Figs. 2 and 3. The amplitudes of these diagrams are:
where
and
The tree-level amplitude is the expression in the square brackets times h b R . As before, we have dropped terms subleading in tan β. Combining these corrections, with factors of 1/2 for the wave-function renormalizations, leads to a shift in the right-handed coupling of the b to the Z given by
As in the W decay case, these expressions can be well approximated by their leading terms in an expansion in m 2 Z as long as the mass splittings among the Higgses are not small. Using the formulae from the previous section and from the Appendix, we find
where the function G(x) was defined in Eq. (2.6) and 
with Q 2 = m 2 Z . The charged Higgs diagrams lead to corrections proportional to
and are suppressed compared to the neutral Higgs diagrams by a factor of (m t /m b tan 2 β) 2 ∼ (7.6/ tan β) 4 so will be neglected. The shift in the left-handed coupling of the b to the Z is then
Again, in the approximation
So in this approximation, the shift in the left-handed coupling of the b quark due to neutral Higgses is equal in magnitude but opposite in sign to the shift in the right-handed coupling.
To estimate the corrections to Z → uū, cc, we note that the Higgs couplings to u and c quarks are suppressed either by tan β or by small d and s quark masses. Thus, we neglect these corrections.
The corrections to the τ couplings to the Z can be obtained from those of the b couplings by the simple substitutions
which lead to
Note that the charged Higgs contribution is zero since m t is replaced by m ν = 0 and
The decay Z → ν τντ is corrected by the diagrams shown in Fig. 4 . The amplitude of these diagrams are
with Q 2 = m 2 Z , resulting in a shift of the neutrino coupling by
As a consequence of F (0) = 0 we find
To summarize, we have found that the non-zero shifts in the fermion couplings in our approximation (Q 2 = 0) are:
Since G(x) is negative semi-definite, the shifts in the left-handed couplings of the b and the τ due to the neutral Higgs sector are both always positive while the shifts in the right-handed couplings are always negative, and they are all proportional to the same linear combination of G-functions. Also, since −1 ≤ F (x) ≤ 0, the charged Higgs sector produces only a negative shift in h b R of magnitude at most
B. Fit to the data
We have identified the relevant vertex corrections to Z decay in the large tan β 2HDM. Using the LEP/SLD data to constrain their sizes will let us constrain the ratios In addition to the proper vertex corrections, the 2HDM corrects Z decay through oblique corrections which can be expressed as corrections to the ρ-parameter and the effective value of sin 2 θ W . Since we will consider only ratios of partial widths and asymmetry parameters in our fit, the ρ-parameter drops out from our analysis and we need only consider the shift in sin 2 θ W which we will denote δs 2 . 6 We will not utilize δs 2 to extract information on the 2HDM because oblique corrections are generically sensitive to other sorts of new physics as well.
The shifts to the Zff couplings in the large tan β 2HDM can then be expressed as:
The dependence of various observables on δh
, and δs 2 can be calculated in a straightforward manner. For example: 
for sin 2 θ W = 0.2315, m τ (m Z ) = 1.777 GeV, and m b (m Z ) = 2.77 GeV. 7 We have introduced the parameter δα s to account for the deviation of α s (m Z ) from its nominal value which we chose to be 0.120 8 :
We fit the expressions in Eq. (3.18) to the differences between the LEP/SLD measurements and SM predictions shown in Table I . The corresponding correlation matrices of the data are given in Tables II and III . The SM predictions listed are for a SM Higgs mass of 300 GeV. Changing the SM Higgs mass has a negligible effect on all fit parameters except δs 2 which, as discussed above, we do not utilize except as a fit parameter.
The result of the fit was δα s = −0.0007 ± 0.0051 (3.19) with the correlation matrix for the fit parameters shown in is the only parameter which breaks lepton universality, it is most strongly constrained by the ratios R ℓ (ℓ = e, µ, τ ). This is evident from Figs. 5 and 6. This places a tight constraint on the size of the neutral Higgs correction to the b quark observables. 9 The charged Higgs contribution, δh
, must then fit all the heavy flavor observables, but due to the small experimental error on R b , it is also constrained to be small. In Fig. 7 , one sees that the overlap of the A LR and A FB (b) bands prefers a value of δh b R of about 0.04, far from the SM point at the origin. 10 However, the R b band does not allow this deviation, leading to the large χ 2 's for A LR and A FB (b) mentioned above. Note also that the large tan β 2HDM predicts δh is still small but positive, the 2HDM is slightly disfavored by the data.
The same can be said of δh
Since the experimental value of R τ is smaller than those for R µ and R e , it is easy to see from Eq. In order to extract the limits on the Higgs mass ratios from Eq. (3.19), we have performed both classical and Bayesian statistical analyses, in the latter assuming a uniform prior probability for the parameter regions δh 10 This is the 'A b anomaly' mentioned in the introduction. See, for instance, Refs. [8] and [9] .
11 Similar behavior in the context of the MSSM with R-parity violation was observed in Ref. [13] . There, the preferred values of the fit parameters were again the opposite sign of what the model predicted, and moreover, more than one to two σ away from zero. This was a manifestation of the A b anomaly. In the model considered here, the A b anomaly is not as manifest in the fit results, since there are fewer new physics parameters.
The corresponding {68%} and [95%] confidence limits on the fit parameters are:
classical : δh
Using 2m W /g = 246 GeV and m b (m Z ) = 2.77 GeV, the bounds on δh
For tan β < 94, the entire range of F (x) is contained in the classical 95% confidence region (since −1 ≤ F (x) ≤ 0). It is therefore difficult to significantly bound the charged Higgs mass using this method unless tan β is quite large. Choosing tan β = 100 for definiteness, we translate the bounds on F (x) into bounds on m to be small constrains the scalar-pseudoscalar mass splittings to be small. To give a concrete example (as in Refs. [5, 7] ), let us consider the limit α = β and
In this approximation the {68%} and [95%] lower limits on G With the choice tan β = 100 we find that our bounds on G translate into bounds on the h 0 -A 0 mass splitting (choosing the branch of solutions with m h 0 /m A 0 < 1):
More generally, bounds on m h 0 /m A 0 are plotted as a function of tan β in Fig. 9 . In the limit sin α ∼ 0, the result is the same, except that m H 0 /m A 0 replaces m h 0 /m A 0 in the above expressions.
IV. SUMMARY AND CONCLUSIONS
We have analyzed the implications of the large tan β 2HDM for Z decays and for lepton universality violation in W decays. For Z decays we find that the generic predictions of the model do not improve agreement between theory and experiment. Further, the LEP/SLD experimental uncertainty in the measurement of lepton universality is sufficiently small to place significant constraints on mass splittings in the neutral Higgs sector for large tan β. Constraints from the b decay parameters are sufficient to place bounds on the charged Higgs mass that are increasingly strong for increasing tan β. For instance, for tan β = 100 we obtain the 1σ classical (Bayesian) bounds of For W decays, the experimental central value from D0 / slightly disfavors the generic prediction of the model, but experimental uncertainties are too large to usefully constrain the charged-neutral Higgs mass splittings. For x −→ 0 (the decoupling limit of heavy scalar masses),
The function G(x) defined in Eq. (2.6) is symmetric under x ↔ 1/x. For x → 0, ∞,
For x −→ 1 (the decoupling limit of degenerate scalar masses), 
